Compounds having a mercapto group (thiol) widely exist in animals, plants and microorganisms, and are well known to play important roles in biological and pharmaceutical process, e.g., acting as a detoxication agent, a protection agent and so on. Hence, various drugs contain naturally occurring thiols for the above-described purpose. Methods for analyzing these thiols include titrimetry, 1 spectrophotometry, 2-8 spectrofluorometry, 9 electroanalysis, 10 mass spectrometry, 11 nuclear magnetic resonance, 12 gas chromatography, 13 liquid chromatography, [14] [15] [16] [17] [18] [19] [20] and radio-immuno-assay procedures. 21 Metal ions, especially soft metals, such as copper, silver, mercury and palladium, have a high affinity for -SH groups in organic ligands. We have already reported on fluorophotometric determinations of sulfide ion 22 and penicillins 23 with fluorescein-mercury compounds, and on spectrophotometric determinations of thiourea 24 and β-lactam compounds 25 with palladium(II) and a dye. However, the former method, based on mercury, has a limit for its possible toxicity, and the latter method, based on palladium, has a problem concerning the influences of foreign substances. On the other hand, we have reported on simple and highly spectrophotometric determinations of adenine 26 and silver(I) 27 based on the ternary complex formation of eosin-silver(I)-adenine. In this reaction system, we noticed that the analytical values of adenine or silver(I) were severely interfered with by small amounts of thiols, and were only little interfered with by almost other coexisting substances. We speculated that a method which would utilize the fading of a eosin-silver(I)-adenine ternary complex in the presence of a thiol would serve as a simple and highly sensitive determination of thiols. Here, we report on a spectrophotometric method for the determination of biologically active thiols based on the fading of a eosinsilver(I)-adenine complex in the presence of thiols.
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Experimental

Reagents and solutions
6-Mercaptopurine (MP) and other thiols, analytical-grade reagents, were purchased from Wako Pure Chemical Co., Ltd., Sigma Chemical Co., Nacalai Tesque Inc., and Kishida Chemical Co., Ltd., and used without further purification. The stock and working solutions of other thiols were freshly prepared every week. A stock solution of silver(I) (1.0 × 10 -2 M, 1 M = 1 mol dm -3 ) was prepared by dissolving 108 mg of metallic silver (99.99%, Mitsuwa Chemicals) in 2 ml of 60% nitric acid by heating; this solution was diluted to 100 ml with water. The working solution (2.0 × 10 -4 M) was made by suitable dilution of this stock solution, as required. An adenine solution (2.0 × 10 -3 M) was prepared by dissolving a proper quantity of adenine (Sigma Chemical Co.) in 2 ml of 10% sulfuric acid and diluting the mixture to 100 ml with water. A solution (1.0 × 10 -3 M) of eosin was prepared by dissolving eosin (Wako Pure Chemical Co., Ltd.) in water. A solution of poly(N-vinylpyrrolidone) (PVP, K-90, Kishida Chemical Co., Ltd.) was prepared in a 1.0% aqueous solution. A buffer solution (pH 6.5) was prepared by mixing 0.05 M citric acid and 0.05 M trisodium ethylenediamine-N,N,N′,N′-tetraacetate (EDTA·3Na) solutions. All other reagents and materials were of analytical grade and were used without further purification. Pure water was prepared by purifying deionized water with a Milli-Q Labo System just before use.
Apparatus
A Shimadzu (Model UV-160) recording spectrophotometer with 1.0-cm silica cells was used for conventional measurements. The pH measurements were made with a Horiba (Model F-11) pH meter in combination with a calomel glass electrode. M eosin solution, 0.75 ml of a 2.0 × 10 -4 M silver(I) solution and a solution containing thiols. The mixture was then diluted to 10 ml with water, transferred into a test tube, and mixed well and kept at 45˚C for 40 min. After the solution had been cooled in water for 5 min, the difference in the absorbance (∆A) between the resultant solution (Solution A) and a reagent blank solution (Solution B) prepared under the same conditions was measured at 562 nm against water.
Results and Discussion
Choice of dye and ligand
We preliminarily examined the utility of a method for determining thiols in an eosin-silver(I)-adenine ternary complex formation system by referring to the previous papers. 26, 27 MP, which is used as a clinical agent in a therapy of human leukemia and as an immunosuppressive drug, was selected as a biologically active thiol. Upon the addition of MP to eosinsilver(I)-adenine (Solution B) in a weakly acidic medium, the absorbance of Solution B decreased and the magnitude of the decrease in the absorbance of Solution B was proportional to the concentration of MP.
The effect of dyes (eosin analogues) was studied by measuring ∆A. The maximum ∆A was obtained with eosin for several of the dyes tested: eosin, eosin B, methyleosin, erythrosine, phloxine, rose bengal, 2,4,5,7-tetrachlorofluorescein (TCl-Fl) and 2,4,5,7-tetrabromophenolphthaleinethylester (TBr-PPEE). The results are given in Table 1 .
The effect of ligands, such as adenine, was also studied with the amounts of silver(I), eosin and MP being kept constant. As shown in Table 2 , the best ligand was found to be adenine.
Based on these results, eosin and adenine were chosen as a dye and a ligand, respectively, for further experiments.
Optimization of the conditions and absorption spectra
Of the various buffer solutions tested, the maximum and constant ∆A was obtained in the pH range of 6.2 to 6.8 with 0.05 M citric acid and 0.05 M EDTA·3Na buffer solutions.
Because an eosin-silver(I)-adenine solution without a surfactant formed a precipitate under specific conditions, the effect of the co-existence of several surfactants was examined as a dispersion agent. Of various nonionic, anionic, amphoteric and cationic surfactants, PVP(K-90) as a nonionic surfactant was the most effective dispersion agent, and the maximum and constant ∆A could be obtained over the range of 0.25 -2.0 ml of a 1.0% PVP(K-90) solution in a final volume of 10 ml. Hence, all further studies were conducted with a final concentration of 0.1% PVP. The results are given in Table 3 .
The effects of the concentrations of eosin and silver(I) were examined. Since a maximum and constant ∆A was observed upon the addition of more than 0.8 ml of 5.0 × 10 -4 M eosin solution and more than 0.75 ml of 2.0 × 10 -4 M silver(I) solution, 0.8 ml of the eosin solution and 0.75 ml of the silver(I) solution were adopted in the final volume of 10 ml.
The effect of the amount of adenine was then examined, with the amount of MP being kept constant. The maximum and constant ∆A was observed when a 2.0 × 10 -3 M adenine solution was added over the range 0.5 -1.2 ml to the final volume of 10 ml; 0.75 ml of the adenine solution was chosen.
The effect of the sequence of adding the reagents on the ∆A values was examined. The same results were obtained even though the order of the addition of the reagents was varied. However, the influence of foreign substances was greatly decreased when a solution containing MP was the last to be added to the regent solution.
The color development in this reaction system did not occur instantaneously at room temperature, because more than 120 min was required for completion of the color reaction. The effects of the incubation temperature and times were examined by heating for 10 -60 min at various temperatures (40 min at various temperatures (40˚C, 45˚C, 50˚C and 60˚C)); a practically constant condition was obtained at 45˚C for 40 -60 Table 3 Effect of dispersion agents min, followed by cooling to room temperature. ∆A between Solutions A and B, kept at 45˚C for 40 min and cooled for 10 min in water, remained constant for at least 24 h. Figure 1 shows the absorption spectra of Solutions A and B under the standard procedure.
Calibration curves and validations
A calibration curve for MP was constructed by the standard procedure. A good linear relationship was observed over the 0.02 -0.30 µg ml -1 of MP. The effective molar absorptivity (ε) was calculated from the slope of the calibration graph to be 3.5 × 10 5 dm 3 mol -1 cm -1 . The relative standard deviation (RSD) for five runs of 1.5 µg of MP was 0.72%. The calibration curves for other biologically active thiols were also constructed under the optimum conditions. The biologically active thiols include glutathione, thiomalic acid, captopril, thiamazol, propylthiouracil, methallothionein, cysteine, homocystenine and 6-mercaptopurine-2′-deoxyriboside. The analytical data, e.g. Beer's law limit, the effective molar absorptivity (ε), the regression equation (Y = aX + b; Y, absorbance; X, µg ml -1 ; a, intercept; b, the slope), the correlation coefficient (r) and the relative standard deviation (RSD) for these thiols are summarized in Table 4 . A regression analysis using the leastsquares method was made to evaluate the linear range of the calibration curves, the regression equation and the correlation coefficient (r). This method is about 5 -10 times more sensitive than the method using 5,5′-dithiobis(2-nitrobenzoic acid) (Ellman's reagent, ε = 1.4 × 10 4 )
2-4 and 4,4′-dithiodipyridine, ε = 2.4 × 10 4 ), 8 and gives excellent reproducibilities.
Interference of foreign substances
The influence of various foreign substances on the determination of MP was examined. Inorganic ions, such as ammonium, sodium, potassium, calcium, magnesium, chloride, nitrate, sulfate, phosphate and sulfite ions, did not noticeably affect the accuracy of the determination of MP, even when these ions were present in large excess amounts compared with that of MP. Iron(III), bromide and thiocyanate ions caused minor errors in 20-to 100-fold excess over MP. A fairly large error appeared in the presence of some anions belonging to soft bases (iodide, thiosulfate and sulfide ions) at a low concentration because of a complex formation between these anions and silver(I). The presence of organic substances, such as glycine, oxalic acid, ascorbic acid, glucose, pyridoxine, hydrogen peroxide, caffeine and human serum albumin (HSA), interfered very little. The results are summarized in Table 5 .
Application
The proposed method was applied to the determinations of several biologically active thiols in commercial pharmaceutical preparations (powder, ophthalmic solution, tablet, injection and so on). The contents of powders and tablets were accurately weighed and ground in a mortar to a fine powder. The required amount of powder was weighed, transferred into a 100-ml volumetric flask, diluted to the mark with water and filtered. An appropriate amount of the sample solution was taken and assayed according to the standard procedure. A requisite volume of opthalmic solution, injection and amino acid mixture solution were diluted with water without any pretreatment and the contents in a diluted solution were determined by the standard procedure. The accuracy of the proposed method was checked by a thorough replicate analysis of each spiked sample. Neat standards were prepared under the same conditions. The recovery was determined by comparing of the standard ∆A value. The recoveries of the added quantity were about 97 -103%. This indicates that the proposed method gives accurate results. These results are given in Table 6 . 
Conclusion
A simple and highly sensitive spectrophotometric method for biologically active thiols, such as MP, was established with eosin, silver(I) and adenine in a PVP micellar medium. This procedure is based on a decrease in the absorbance of the eosinsilver(I)-adenine ternary complex solution in the presence of a thiol. Though we did not examine the reaction mechanism in this study, the following reaction would be assumed in consideration of the result from a previous paper. 27 A thiolsilver I complex is formed as the result of a competitive reaction between a thiol and adenine with silver(I) in the first step. A residual adenine-silver I complex subsequently reacts with eosin to give the association complex of [(adenine-silver I )-eosin](1:1:1). The proposed method was much more sensitive and reproducible than other spectrophotometric methods. This method, owing to no need for solvent extraction or derivatization, was applied to assays of biologically active thiols in pharmaceutical preparations with satisfactory results. Though further investigations are necessary to confirm the application of this method to a variety of samples, the developed procedure is suitable for the routine analysis of biologically significant thiols in real samples. 
